A new plasmid for the overexpression of His-tagged thermozymes in Thermus thermophilus was developed. With this plasmid, soluble and active histidine-tagged DNA polymerase from T. thermophilus was overproduced in larger amounts in the thermophile than in Escherichia coli. The protein purified from the thermophile was active in PCR.
The enzymes from thermophilic microorganisms, or thermozymes, are usually produced in surrogate mesophilic hosts (1) . However, several thermozymes which require either cofactors, appropriate posttranslational processing, or specific components during multisubunit assembly cannot be overproduced in an active form in such mesophilic systems (1-3, 5, 10) . On the other hand, contamination with material from the host, like the residual amounts of DNA present in most commercial thermostable DNA polymerases, leads to false-positive cases in specific analytical applications. Therefore, the use of homologous thermophilic host systems for the expression of such thermozymes appears to be the most straightforward solution to these problems (9, 11, 14) .
Thermus spp. form one of the most widely distributed genera of thermophilic bacteria, and many of its isolates carry genes encoding enzymes of great biotechnological potential (4, 10) . Due to the existence of well-adapted laboratory strains that are readily amenable to genetic manipulation, this genus has become the model of choice for the development of expression systems for thermozymes (6-9, 11, 14) . Cloning and expression vectors have been described and essentially used in the T. thermophilus HB27 strain, which has been sequenced recently (4) . However, moderate, 6-to 10-fold overexpression levels have been obtained in most cases (11) . As an exception, the pMKE1 vector allowed up to 200-fold overexpression of a thermostable ␤-galactosidase reporter in the laboratory strain HB27::nar (9) and approximately 100-fold overexpression of an Mn-dependent catalase (5) . Despite these two orders of magnitude of overexpression, the overproduced proteins were almost undetectable by Coomassie blue staining, thus prompting us to develop more effective expression systems.
We describe a new plasmid that uses a modified version of the promoter from the respiratory nitrate reductase (narp) to overproduce active DNA polymerase from T. thermophilus in larger amounts than those obtained with T7-dependent expression systems of E. coli. Fig. 1 , the pMKE2 plasmid was constructed in three steps. The first step was designed to eliminate an NcoI restriction site located inside the narp promoter. This produced a 4-bp insertion. In the second step, the promoter was amplified (primers, 5ЈTCGCCATGG TCACCTCCGGC3Ј and 5ЈGAAACAGCTATGACCATG3Ј) with the concomitant inclusion of an ATG start codon inside a new NcoI restriction site (underlined). The modified narp promoter was cloned into the XbaI-NcoI sites of plasmid pET28b(ϩ) to yield pENar2. In the final step, the XbaIHindIII DNA fragment from pMKE1 (9) was replaced by a similar DNA fragment from plasmid pENar2, thereby giving rise to the plasmid pMKE2.
Plasmid construction. As illustrated in
Expression of Tth polymerase. The coding region of the DNA polymerase I gene from T. thermophilus (Tth) (Biotools B & M) was cloned into pMKE2, and the resulting plasmid (pMKETth) was used to transform T. thermophilus HB27::nar. One transformant colony was grown at 70°C in Thermus broth medium (12) under aerobic conditions (shaken at 150 rpm) prior to the addition of 40 mM potassium nitrate and the stopping of the shaker (time zero). Due to the low solubility of oxygen at this temperature and also its consumption, the culture rapidly became anaerobic, so the cells immediately started to transcribe the narp promoter. As shown in Fig. 2A , after 2 h a protein of the expected size for the His-Tth fusion (96 kDa) was detected in the soluble fraction of the cells. Two hours later, this protein accumulated to the point where it became the major component of the fraction.
To compare these results with those of expression systems of E. coli, the Tth gene was cloned into the pET28bϩ plasmid (Novagen) to render pET28Tth. Interestingly, this plasmid was toxic at 37°C, but not at 30°C, for all strains of E. coli assayed. A colony of the strain BL21DE3 (13) transformed with pET28Tth was used to check the expression of the His-Tth polymerase 2 and 4 h after the addition of 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside). As shown in Fig. 2B , most of the His-Tth polymerase accumulated in the particulate fraction of E. coli, whereas a minor fraction did so in the soluble fraction (Fig. 2C) .
The enzyme overproduced in T. thermophilus was purified by affinity chromatography. As illustrated in Fig. 3A , most of the protein was bound to a nickel-nitrilotriacetic acid support, FIG. 1. Construction of plasmid pMKE2. The scheme for the construction of the expression plasmid pMKE2 is illustrated. Abbreviations for restriction enzymes sites are the following: B, BamHI; Bg, BglII; E, EcoRI; K, KpnI; H, HindIII; N, NdeI; Nc, NcoI; Nt, NotI; P, PstI; Sm, SmaI; Xb, XbaI; Xh, XhoI. Other symbols: Kl, Klenow fragment of DNA polymerase I of E. coli; kat, gene coding for thermostable resistance to kanamycin. Arrows indicate the transcription direction of the narp promoter (the sequence of which is shaded gray). being further eluted with imidazole. A highly purified fraction was obtained and kept at Ϫ20°C in storage buffer (Tris, 20 mM; KCl, 50 mM; Nonidet P-40, 0.25%; glycerol, 40%; pH 8.0) until use. Figure 3B shows that this enzyme was as active in PCR as the commercial enzyme produced in E. coli. Concluding remarks. The modification of the narp promoter resulted in unprecedentedly high levels of overexpression in T. thermophilus. There is presently no clear explanation for such an increase in pMKE2 compared to levels of pMKE1 (9), but it could be related to the binding of transcriptional activators close to the eliminated NcoI site. The involvement of this region in narp expression has been demonstrated by progressive deletions, which showed that regions upstream of this NcoI site are required for transcription (data not shown). This requirement for far-upstream regions is analogous to the requirement for specific heptameric sequences located upstream of the promoter for nitrate reductase A of E. coli, to which the phosphorylated transcription activator NarL binds (15) . Thus, it is reasonable to speculate that either the fortuitous generation of a new site for an equivalent transcription factor in the thermophile or, more likely, a better architecture of the nucleoprotein formed around this NcoI site could be the basis for such an increase of expression. Of course, alternative explanations, such as higher mRNA stability or differences in plasmid copy number, also could contribute to this expression increase. However, as the leader RNA (91 bases long) of native narmRNA present in the construction is quite stabilizing (with a 15-min half-life) (16) , and as the copy number per cell of pMKE2 was similar to that of pMKE1 (results not shown), these alternative explanations seem unlikely.
Whatever the reason underlying the increase in transcription from the modified narp promoter, it may be concluded that this new expression system represents a competitive route for the direct overexpression of soluble enzymes in T. thermophilus, even compared to the high-level overexpression systems of E. coli. 
